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ABSTRACT

A temperature dependent study of the vibrations
of crystal lattices and low-lying electronic states has
been undertaken using infrared an& Raman light scattering
techniques. The emphasis has been piaced on new materials
which have useful applications such as low temperature
filters for long-wave infraredrradiation, new laser host-
crystals, crystals as electro-optic devices and nonlinear
effects. The materials of interest have included various
ferroelectrics (and antiferroelectrics), piezoelectrics,
antiferromagnets, certain semiéonductors,and insulators.
basic understanding of the lattice dynamics and phonon
structure of these systems are useful in explaining their
optical properties and provide useful data for predicting

general engineering and research applications.
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1. Introduction and Objectives-

The Sblid State Spectroscopy laboratory has considerable experience
and expertiselin the investigation of the infrared and light scattering proper-
ties of materials. The work has been éoncentrated on new and prospectively
useful crystals or ceramics in the areas of ferroelectrics,_piezo—electrigs,
semiconductors, nonlinear materials, electro-optic materiais, laser-~hosts, etc.
The investigétipn of the perovskites and the related ilmenites, olivines and
crystobalites may also be advantageous in the identification of the presence
of theée materials in igneous rocks which have been discovgred on the lunar
surface from the results of the first two Apollo flights.

ﬁowever, the objectives of the present program have been the inves-
tigation of the optical properties and collectively oscillations in materials
and the change in the properties of these materials under extreme environmental
conditions. TIn thig case, temperatﬁre has been the main parameter but with the
high pressure facilities now available it was planned to expand this work in
this direction together with the study of the dielectric constant at low fre-~

quencies as a function of both temperature and pressure.

© 2. Experimental Facilities and Data Analysis

The instruﬁentation available 1is summarized‘below.
Infrared equipment
Perkin-Elmer 301, Double-beam. Specfrophotometer
: (Range 2.1-200 micron; 4750-50 cmul)*
Far infrared Michelson Interferometer. FS-520
(Range 15-500 microns; 670—20 cmnl)

Far infrared Michelson Interferometer. FS-720"

(Range 25-2000 microns; 400-5 cm_l)

ate

"Equipment on loan from NASA (ERC).




-

Instruments equipped with fhermocouple, Golay and liquid helium
cooled bolometer detectors
Spectroséopic Attachments:
(1) Sample holders for transmission and reflection studies
f over temperature range 1.5-900°K
(2) Variable angle reflectance units, 10°-70° incidence,
reflection and scattering angles
(3) High pressure studies, 0~50 Kbérs on powders
(4) Magnetic field dependence, 0-45 Kilogauss
Light scattering equipment (Rayleigh and Raman)
Spex 1401 double monochromator with linear wave number drive
Laser excitation: Spectra-Physics 125. He/Ne (6328&) ~ 90 mwatts.
Space-Rays Af+ ion (4880&) 800 mw and 51454 (800 mw)*, plus
additional lines of less power
Photon counting detection with FW-130 'Star-tracker' photo-
multiplier, shielded
Facilities for forward, back and right angle scattering geometries
Temperature measurements: 1.5-900°K. Pressure measurements
(forward scattering, 0-50 Kbars; right angle, 0-5 Kbars)
Other equipment and facilities |
Polishing and cutting equipment
Metallograph
Machine shop facilities for fabricating specially designed
equipment
~ X-ray unit (Powder and Laue)

Evaporation unit




Preparation room

Dielectric constant studies down to 1.5%

Computer facilities

A CDC 3300 computer and a PDP-9 computer are available at
Northeastern University. The computers are used to perform Fourier transfor-
mations to obtain the long-wave infrared spectra. Kramers-Kronig analyses
of the reflectivity data are used to obtain conductivities, absorption coef-
ficients, optical constants, n and k and dieiéctric constants. Classical
dispersion analyses are used to obtain frequencies, oscillator strengths and

life-time data on both infrared and light scattering spectra.
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Experimental Activities

3.1 Optical Phonons and Phase Transitions in T4I

R. P. Lowndes and C. H. Perry
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INTRODUCTION

Thallous iodide exists in two definitely well established modifica-
tiOns.(l—S) Above 445°K (at .1 bar) it has the CsCl (PmBm) structure (T4I-I)
and is bright red in color. 1In the low temperature modification (T4I-II) it
is yellow and possesses a characteristic layer structure. T4I-I1I is built of
slices of NaCl structure in which each T£+ has five nearest I neighbors at
five of the apices of an octahedron. The neighbors of TZ+ are one I at 3.36@,
four at 3.49&, then two at 3.83% and two at 3.871. X-ray measurements at room

(1)

temperature were made by Helmholz and the structure is concluded to have

four molecules in the unit cell and has the space group D;;-Cmcm.
The transition between the red (I) and yellow (II) forms is slow
and red crystals can even be obtained for some time at room temperature. The
low temperature phase has a unique structure and from a chemical viewpoint is
of interest because of the large polarizability of the TE+ ion and the tendency
,Of iodine to form covalent bonds. The CsCl structure with a coordination
number of 8 normally represents the most stable dense configuration but the
double layered orthorhombic structure of TLI (II) has a ‘coordination number of
7 and is less dense than the high temperature cubic form. The cubic phase
‘can be obtained by applying hydrostatic pressure to the material ana a pres-
sure‘of approximatelyié.S kbar and 300°K is sufficient to cause complete
transformation.(z)
The unusual proéerties of the thallous halides in general make
the investigation of this material desirable in order to characterize the
relationships in the series. The dielectric constant of T4I has been inves-

(6)

tigated by Samara as a function of pressure, and the total polarizability

per molecule was found to be effectively independent of crystal structure.

L1-2
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Consequently, the change in dielectric constant can be completely explained
by the change in density.

The‘fheories of infrared dielectric dispersion, effective charges
and anbarmonié effects require measurements of the dielectric constant and
the lattice ﬁhonon frequencies as a function of temperature.

The infrared active.lattice vibration of T4I at 300°K and 4°K have

(7N (8)

and by Claudel et al. at room temperature.

l.(9)

been measured by Jones et al.

Raman measurements by Brafman et a as a function of pressure have béen
reported on T4I in the region of the phase transition. The transition region
as a function of pressure obtained from the Raman intensities was similar to

(6)

that observed by Samara in the dielectric studies.

In this work we report detailed far infrared and Raman investigations
of all the lattice vibrational modes at k =~ 0 of TLI over a wide temperature
range. These studies include the I - II phase transition? and the mode

activities in general agree with the group theoretical predictions from the

proposed structures in each phase.

EXPERIMENT
The far infrared spectroscopic investigations were recorded on a

(10)

modified RIIC FS520 Michelson interferometer used in conjunction with
both a Golay. detector and a liquid-helium cooledvGa~doﬁed germanium bolometer.
Normal incidence transmittance studies of thin films of T4I were used to
obtain directly the k ~ 0 infrared active phonon frequencies, the dieléctric
dispersion and damping of the spectral profiles. The films, < 1 micron thick,

were. evaporated onto crystal quartz and polyethylene substrates. Only the

o
crystal quartz substrates were used at temperatures above 300 K. The frequency

.1-3
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A

.of the lattice vibration at room temperature and below for the films oﬁ poly~-
ethylene and quartz substrates were in agreement at the same temperature within
the experimental error of the measurements. The filmé in the T4I-I phase
could be supercooled to room temperature and only reverted to the yellow form
when the instrument was returned to atmospheric- pressure.

Reflection measurements were made on the polycrystalline material
grown using Bridgeman techniques. Samples épproximately 10 x 10 mm2 were
investigated at an angle of incidence of < 10° and the reflectivities were
compared with a freshly aluminized mirror. At high temperatures the poly-
crystalline sample (reflection) and the film on a quartz substrate (trans-
mission) Qere attached to a heater block. A variable temperature Air Products
Hydrogen Cryotip with appropriate holders was used in the low temperature
investigations together with a conventional fixed temperature cryostat. Back-
ground spectra of the quartz substrate and the mir;or were taken at the same
respective temperatures ag the samples to obtain the correct transmittance or
reflectance spectra. The temperature of the samples were again monitored
with ﬁhermocoupleé. Attempts to measure the far infrared transmittance or
reflectance at temperatures above 500°K resulted in the films subliming in
‘the evacuated interferometer.

The Raman séectra were recorded on both a Cary model 81 spectromefer
and a Spex 1400 spectrometer using 63284 He-Ne excitation. A right angle
scattering geometry was used for powders (in a melting point tube), single
crystals and polycrystalline material.

The detailed studies of the temperature dependence of the Raman
spectra were achieved using the Cryotip refrigeration unit (300 - ZOOK) and

(

a gas transfer sample holder 11 (down to SOK). High temperatures were
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6btained using a Nichrome heater element. Copper-constantant thermocouples
were attached to the sample or holder and used to measure the temperature.
Control was achieved to approximately +1°K.

The Raman scattering experiments on the powder and the poly-
crystalline sample were identical apart from the width of the transition. 1In
general, the polycrystalline material was completely transformed into the CsCl
phase at ~'17OOC, but on cooling it returned to the orthorhombic modification
at 120°C. The transition of the powder in the melting point tube occurred
both on heating and cooling within about 10° of the transition temperature of
170° (445°K) .

‘Single crystals of thallous iodide were obtained by slowly cooling
absolution of the salt saturated at 100°C. Needle-like crystals were formed
and according to Helmholz, X-ray measurements indicated that needles grown in
this manner were monoclinic and were possibly another modification. However,
the Raman spectra of these needles were identical with the powder and the
polycrystalline samples. Polarized studies were fruitless and no identifica-
tion of the symmetric or the antisymmetric modes could be obtained. Con-
siderable birefringence was observed in all the needles under a polarizing
.microscope and twinning occurred about the 'c' axis??

Both the infrared reflectance and the Raman results of the poly-
crystalline material showed that the transition was about 50° wide. The
infrared transmission resﬁlts indicate that the transition region consisted

of a mixture of the two phases.

st
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EXPERIMENTAL RESULTS

The Raman spectra of thesbblycrystalline material is shown in
Fig. 1 as a function of tempe:afuref,_Six bands are clearly observed at low

temperatures. The halffwidthe_ef the bands increase only slightly as the

temperature is raised but theﬁre :«'2ffintensities of the bands as shown in

Fig. 2 are seen to increase as the transition region is approached from below

and then decrease as the transfqrﬁe;ion to the CsCl phase is completed. "The

reverse procedure is observed on:c6dling and there is no obvious indication

of hysteresis in the Réméﬁfepeetre;apart from the transition region. This is
no

in contrast to the pressure dependent results of Brafman et a who observe

a slight 1ower1ng of the 1nteﬁslty as the critical pressure is approached and

'éi 4.7 kbar. On lowering the pressure,

m of the sample (solid,

ERin tlimw”etC”T bv1OUbly

- oo

', Abqye_the transition énly a very weak second order Raman spectrum
is observed with a small side band at ~ 40 cmﬁl. This shoulder has been
~interpreted -t6 be probably ZTA(X)eénd/or,LA—TA(X) similar to our results for
v 12y g (13)
the-other thallous-halides® " _and. those obtained by Krausman for T4Br.

The frequency dependence with temperature of the Raman bands and also the one

infrared band have been obtained. Several thin film transmission data have

‘needle, powder,

3.
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been plotted and indiéate the large change in frequency of the fransverse
optic mode at 450°K and the obvious mixture of the two phases in the transi-
tion region present in a thin film.

The infrared reflectance data was analyzed with a Kramers-Kronig
anélysis to yield dielectric functions ¢ = ¢’w and N = ¢’/w and typical
reflectance, ¢ and T curves at selected temperatures have been obtained.
Peaks in o and‘ﬂ provided values of the transverse and longitudinal optical
mode frequencies respectively and a more détaiied plots of the transverse and
longitudinal mode frequencies and associated damping constants yield their
dependence as a function of temperature. Supercooling of the thin film in
the red modification can be seen down to room temperature. Below 450°K the
stability of one phase over another depends on many factors and any form of
shock or disturbance immediately renders the orthorhombic form. S

The Raman results at room temperature are similar to those obtained
by Brafman et al.(g) (except only five bands were observed by these researchers).
The infrared data again at room temperature compares favorably with that

(7

on thin films. The reflectance spectra

(8

obtained earlier by Jones et al.
in the low frequency region by Clandel et al. is slightly different from

our results.

DISCUSSTION

The'crystal structure in the cubic phase is CsCl (OiPmBm) with 2F1u

modes, one of which is the infrared active lattice reststrahlen mode and the
other corresponds to the acoustic branch. The Flu undergoes a further split-

ting due to the long range Coulomb forces associated with lattice ionicity

and results in 2T0 + 1LO modes where TO and LO refer respectively to transverse
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optic and longitudinate optic phonons. No first order Raman spectra are
allowed and the results are in agreement as shown in Figs. 1-5.

In the low temperature modification with 4 molecules per unit cell,
i .

Clz' C16 and D17 The

1) . _
Hetmholz 'proposed the following space groups: 2y Coy oh"

first two possess no center of inversion which imply all modes would be

simultaneously infrared and Raman active. Experimentally this is not observed
17

and the space group D

2h

2Ag + 2B2g + 2B3g + 2Alu + 2A2u + 2A3u of which 1A1u + 1A2u + 1A3u are acoustic

(Cmcm) predicts the following modes

modes corresponding to the x, y, z crystallographic directions.
The optical phonons in this orthorhombic form that are first order
Raman active have the following polarizability tensors, ¢ associated with

each of the modes. 3 ‘ ~
Q’[A ] (a a ) 3 o ( > 3 o ‘: \;,‘) . ‘\‘::;‘x‘
g b BZg - B3g 3

The least one might expect from a right angle scattering geometry with a
suitably oriented crystal would be the likelihood of distinguishing between
the symmetric Ag and the antisymmetric BZg and B3g modes. However, due to

obviously twinned crystals, this measurement was not possible but six modes

"in agreement with the group theoretical predictions were observed (see

Fig. 1).

In tﬁe infrared, only one relatively narrow line was observed
instead of the predicted three bands corresponding to the three crystallo~
graphic directions. It has been assumed that the infrared active modes are
essentially degenerate and anhagmonic effects must be sméller than its high
témperature form or itsrTZCQ and TEBr Eounterpartg as the line width is quite

narrow. As far as this infrared active vibrational mode is concerned the
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lattice is essentially isotropic with a coordination number of 7 instead of
8 as in the CsCl modification.

(6)

Samara's dielectric data are in agreement with this result as
his powde?~and 'crystal' results essentially agreed and no obvious anisotropies

in the static dielectric constant were observed.
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Abstract

The polarized Raman spectrum of SbSI has
been studied in both the paraelectric and ferro-
electric phases. The frequencies and symmetries of
most of the Raman active phonons-in the paraelectric
phase have been determined. A strongly temperature
dependent 'A' mode has been observed in the ferro-
electric phase which completely‘aééounts for the
temperature dependence of the dielectric constant

along the ferroelectric axis.
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Introduction

Antimony sulpho-iodide (SbSI) is a ferroelectric material with a

(1-4)

Curie temperature (TC) of about 288°K. Above Tc it has an orthorhombic

¢

structure with the space group D16 (Pnam) with lattice parameters a = 8.524,

2h
o o (5"7) N . . . 1
b = 10.13A and ¢ = 4.08A. The static dielectric constant follows Curie

(7-10) 3

Weiss law behavior parallel to the 'c' axis and rises to about 5 x 10

at Tc' A sharp decrease is observed as the temperature is lowered through

(

the transition into the ferroelectric phase 7,9) (space group sz (Pnagl)).(6)

Both phases have four formula units per unit cell.
, ! , . o 2 (2,3;11)
SbSI is a photoconductor with maximum sensitivity at 6300-~6400A4.

Below Tc it has been shown that with reference to the iodine atoms the Sb and

(6)
(12)

S atoms are displaced along the 'c' axis by 0.204 and 0.0SA, regpectively.
This indicates that the phase transition should be of the displacive type.
In the interpretation of the infrared transmission studies of SbSI

(13)

powder, Blinc et al. suggest the application of a simplified structure
having only two SbSI units and the symmetry change Cgh (P21/m) - Cg (PZl).-
In this work polarized Raman measurements have been made in both phases. The
number and symmetries of the modes observed are substantially in agreement
with the simplified structure. 1In the ferroelectric phase a low frequency

temperature dependenf mode is observed which shifts towards the Rayleigh line

as the transition is approached from below.

Mode Symmetry

In the simplified structure the unit cell now has six atoms with

i

fifteen optical modes and three acoustical modes. In the paraelectric phase

there are nine Raman active modes, six of these belonging to Ag and three to
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B irreducible representation of the point gymmetry group C2h of the
crystal. 1In the ferroelectric phase all the fifteen modes are Raman active,
eight belonging to A and seven to B symmetry species of C2.

The corresponding Raman tensors are

Experiment
The materials used in the present investigations were thin needles

2 . , . . . '
(about 1 mm~ cross section); with the 'c¢' axis being the needle axis. The

(14)

crystals were grown from the vapor phase and the growth faces were

perpendicular to the [100] and télO] directions. No attempt was made to
positively identify the 'a' and 'b' axes as only relatively minor intensity
changes were observed by interchanging the designated 'x' and 'y' directions.
The Raman spectra were recorded using an 80 m-watt-Spectra-Physics
Model 125 Hé-Ne laser, Spex double monochromator and photoelectron counting
detection. An oblique angle 'reflectance' geometry was used and the
resolution was normally ~ 2 cm-l. Temperature control both above and below
room temperature was achieved with a variable temperature continuous gas

(15)

‘transfer cryostat with quartz windows The temperature was monitored by

a copper-constantan thermocouple mounted on the small bracket holding the
crystal.

The QZZ polarizability tensor component was measured with the

1 1

crystal 'c' axis along the 'z' direction, the incident laser beam traveling
in the 'x' direction and the scattered light collected in the 'y' direction.

Both incident and scattered radiation was polarized and analyzed respectively

.24

LGN
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in the z direction providing a unique measurement of the QZZ component. The
Raman scattering geometyry was essentially ?(ZZ)Y as the incident beam is
traveling approximately in the Y in the crystal due to its high refractive

- 5,16

index (~ 3 even though the laser beam outside is more nearly along

the 'x' direction. Similarly the spectra corresponding to the QkX’ QXZ

components were determined.

Results

Figure 1 shows the spectra in the paraelectric phase at 300°K fof
Y(zZ)Y, Y(XX)Y and Y(XZ)Y. The assignment of the Raman active phonon
frequencies to their respective symmetry types is summarized in Table T.
6-Ag and 2 Bg modes are observed in close agreement with theoretical pre-
dictions.

The temperature dependent Raman spectrum for ?(ZZ)Y in the ferro-
electric phase is shown in Fig. 2. A marked increase in intensity is
observed on cooling from TC °k to ~ 240°K. Further cooling to 100°K results
in a decrease by about a factor of 2. These intensity changes may be due to
the change in optiéal absorption edge (Eg = 1.95 eV for Efc at room temper-

(2’3’11)). The edge increases with decreasing temperature at an average

(2)

ature
' - -3 0 . .
rate of = 1.5 x 10 eV/ K. Lowering the temperature therefore raises

V PR O .
'Eg above the exciting laser energy of 1.96 eV, at ~ 18 C. The slight change
. . s e . (7,9
in the lattice parameters along the c-axis in the ferroelectric phase
might cause the Raman tensor componenls to be temperature dependent. The

: A . o}
decrease in intensity from ~ 240K lower temperature may be accounted for by
the anomalous decrease in the spontaneous polarization PS as observed by

(17)

Pandey in polycrystalline SbSI due to the ferroelectric domain structure

at low temperatures.

.2-5
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(13)

Some of the infrared active modes observed by Blinc et al.
below TC are now Raman active and are observed in the spectrum at 253, 167 and
70 cm_l. Thq majority of lines, however, are relativély temperature independent
except for tﬂe band at 50 cm”1 at lOOdK (see Fig. 2), which moves to lower
frequency aé T approaches TC from below. The temperature dependence of this

mode in the ferroelectric phase is shown in Fig. 3. Application of Cochran's

theory for displacive ferroelectrics(lg) (eO(T)a “Elmq) to non-cubic crystals
w (T)
can be applied to the generalized Lyddane-Sachs-Teller relationship(19>'
e () wL.(ﬁ)
NN | R
RORN AT

where '4' refer to the '4' axis in the crystal. The logarithmic differential

(20)

form of this equation has been derived by Barker

of the contributions of phonons to the dielectric constant below TC.

W,
Aeo 2AwL1 2A%‘2 2AmT1 20 Tz
c * o, * T, w,
oy 2 S| T2
Aeo
In Fig. 4, —, as a function of temperature for T < TC is shown from the
o

) L)

dielectric data of Masuda et al. and Hamano et a measured along the

ferroelectric 'c¢' axis.

Only the transverse mode in the 'z' (c) direction shown in Fig. 3

-ZAwT

has any marked temperature dependence and the quantity __af_l derived from

T

Fig. 3 is also shown in Fig. 4.

and allows measurements N

1
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The agrcement of the two curves suggests that this mode completely accounts
for the temperature dependence of the dielectric constant in the ferro-

electric phase.

Summary

The symmetries of the group theoretiéally allowed modes for the

(13)

simplified structures proposed by Blinc et gl. are in good agreement
with these Raman studies of single crystals in both the paraelectric and
ferroelectric phases. The frequency dependence of the transverse A mode in
Fig. 3 shows a softening as T - TC from below and it completely determines
the temperature dependence of the static dielectric constant along the 'c'
axis in the ferroelectric phase. This mode can be associated with the "soft'
mode present in the paraelectric phase observed as the peak in ¢” by Grigas

(21)

and Karpus at ~ 0.5 cm“1 at 308°K and the results demonstrate that SbSI
is a displacive ferroelectric similar to the perovskites.

It is unlikely that the 'soft' mode in paraelectric phase can be
observed diréctly in the far iﬁfrared reflectance spectrum but preliminary
measurements in this laboratory indicate that an extremely low frequency Au

mode is present. The complete infrared mode polarizations and corresponding

symmetries are being analyzed and these results will be reported elsewhere.
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Table I

Assignment of the Raman Active Phonon Modes in the Paraelectric Phase

“

Raman Active _ Symmetry Raman
Phonon Frequencies (cm ) Species Tensor Components
51 Ag .- QXX
66 . Ag v Uy
107 Ag aXX’ Olzz
137 Ag axx’ azz
149 | Ag QXX
319 Ag QXX
37 Eg Ay
212 ' Bg QXZ
- B o4
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Abstract

The first excited Stark level of the Er3+ ion
in LéFB, CeFB, PrF3 and NdF3 has been observed near 55 cm_
Zeeman splitting reveals at least two magnetically dis-

. . 3+ . . .
tinguishable Er sites and confirms the electronic nature

of the transition.

1

3.

3-2
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The first excited Stark level of the ground multiplet of

Lys/2
3+ 11, . . . o -1
the Ex (4£77) ion in LaF, is expected to be approximately 52 cm ~ above the

(1,2)

3

ground level. A far infrared active transition between these two Stark
levels has been observed directly in the polarized transmittance spectra of
doped with one mole

oriented, single crystals of LaF CeFB, PrF_ and NdF

3’ 3 3
per cent Er3+. The measurements were obtained on ~ 1 mm. thick samples cooled
to 7 + 2°K uging a far infrared Michelson interferometer and a liquid helium
cooled detector. A single crystal of LaF3 (1% Er3+) mounted in a light pipe
and submerged in liquid helium at 1.33 * 0.03°K was used for the Zeeman study.
The infrared radiation propagated parallel to the applied magnetic field and
made an angle of 45° with respect to the opticvaxis of the crystal. The light
pipe-samﬁle holder geometry precluded any meaningful polarized Zeeman studies.

The polarized transmission results are summarized in Table 1. The
experimental measurements indicate that tﬁe Er3+ transition is unpolarized but
possesses a characteristic anisotropy such that tﬁe o-polarization is approx-
imately fifty percent stronger than the m-polarization. |

The transition could not be observed clearly in the m-polarization
of PrF3 because it was obscured by the strong, almost ti-polarized electronic
transition at 66 cm“1 of the Pr3+ ions in PrF (3’4).

3

’ 3+ Lo . : o . .
of the Er transition increases by over 10% for a decrease in the lattice

Note that the frequency

constants of about 1.5%, whereas the 45 cm-1 Nd3+ transition frequency shifts

by only 3% in the same materials.(3)
In a magnetic field of 20 kilogauss, the LaFB:Er3+ absorption line
at 52 cm-l broadens into a band extending from 52.5 to 58.5 cm_l. With

increasing magnetic field, this broad band separates into several distinct

lines as shown in Fig. 1. Solid lines connect peaks of four Zeeman
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transitions and two broken lines indicate possible fifth and sixth Zeeman
transitions. Individual peaks are 0.1 to 0.2 as strong as the zero field
line.

Several Zeeman levels can be resolved because the g-tensor of the

(5)

+
ground state, Stark level of Er3 in LaF, is strongly anisotropic.

3
Nevertheless, only significant upper and lower bounds of the g-tensor can be
stated as a unique assignment would require measurements in at 1éast three
different orientations. The results indicaté'that there are ét least two

and probably three magnetically distinguishable erbium sites in the tysonité
lattice. The maximum value of g for the excited Stark level in‘this orienta-
tion lies between 1.8 and 7.5 % 0.5 and the»corresponding minimum value lies
between 1.3.and 3.5 + 0.5.

The facilities of the Francis Bitter National Magnet Laboratory,

M.I.T., are gratefully acknowledged.
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Table 1

Er3+ electronic transition in LaF_,, CeF Pr¥F_ and NdF,.

3 3 3
Host 1attic;3 ‘ LaF, CeF’3' | PfF3 NaF,
Frequency (cm 1) 52.0 + 0.5 53.5 & 0.5 56.7 % 0.5 57.7 + 0.5
Half-width m < 1.5 - ~ 2.5 < 1.5 < 2.0
(cm—}) o < 1.5 ~ 3.0 < 1.5 < 2.0
Peak - 5.2 | 10.8 < 40 12.4

absorption
(cm™1) o 8.4 15.9 10.0 18.2
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Figure Caption

Zeeman splitting of Er3+
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INTRODUCT ION
Many intensive studies that involve Raman spectroscopy as an observa-
tional tool alsq require the control and variation of temperature. A common
spectropﬁotomefer used in such wérk is the Cary model 81 with He-Ne laser
excitation. In’that instrumeﬁt, the laser beam .is directed at the sample from
overhead, rendering the ﬁse of usual dewar design impracticai if not impossible.
Although long ferm precision control of the téﬁperatures éttained was not deemed
necessary in the authors' work, it was desired that the entire range from 300°
to somewhét below 20°K be attainable without changing critical sample illumina-
tioﬁ geometries., Also, it was considered worthwhile that sample changing be
quick and convenient and thus that temperature cycling be fairly rapid within
the ;bove4range. It was felt that thg best means of deéling with these require-
ments and restrictions was through the use qf a cell which achieved temperature
control by méans éf precooled orkpreheated gas directed at a metal block in
thermal contact with the substance underrstudy. The design presented here

resulted from these considerations.

CELL DESIGN

The cell consists of four principle elements which are shown in

~Fig. 1. Element I is a modified transfer tube with an expanded outer jacket

at the interface with the rest of the system to which an "0" ring seal is
effected. About this expanded section is a ring with a longitudinal slot which
may be clamped to the jacket by tightening a screw traversing the slot. This

ring:atts as a stop to hold the end of the transfer tube a predetermined. dis-

tance from the back of the>sample block.
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Element II consists, in sequence, of the above-mentioned "0' ring
seal assembly, radial vent holes distributed about its circumference to
release spent coolant gas, a short section of tube to mate with the g ring
seal in element 11T, and a concentric inner tube which supports the copper-
sample block. The outer tubular section serves as a portion of the.outer

“vacuum jacket and the copper sample block featu%es a & x 20 threaded hole on
its sample face to accep£ the actual sample holder. Part way back from the
sample block a copper collar is mounted on tﬁe fube on which a radiation
shield which encloses the sample area may be mounted by a snug force-fit.
Electrical leads méy be led inté the sample area by means of a slot in the
collar. This collar, and thus the shield, are cooled by the exiting coolant,
which also serves to cool the outer casé of the transfer tube. Another slotted
ring clamp surrounds the outer concentric tube to establish the longitudinal
location of the sample area within the cell. |
. - Element III serves as a mount for a pump-out port and for electrical
feedthroughs.iﬁto the sample area. It also connects the precediﬁg portions
of the cell to the tail portion of the Qacuum jacekt. This element consists,
in sequénce, of the "0" ring seal assembly for element II, the electrical

feedthrough assembly on a demountable flange and opposite this a pump-out port
including a valve to isolate the.cell, and an "0" ring seal assembly to join

"to the tail vacuum jacket.

| Elemenf IV is the tail section vacuum jacket: This consists simply
of a tuge termiﬁated at one end with a recfangular block containing porté,

."0" ring seals, and mounting provision for windows of quartz or other mate-

rial. -
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CELL USE

Temperatures up to approximately 130°C could be obtained by
replacing the _element I = (modified transfer tube) wiﬁﬁ a porcelain tube
around %hich a nichrome heater was Wrapped and through which the gas was
passed. Since elevated tgmperatures could be obtained more easily by othef
means, however, heated‘air (or nitrogen) was used primarily to warm up an
already cold cell if condensation on ihe sample was to be avoided. Cold éas
was obtained in one of two ways. First, nitrégen‘was paséed througb'a copper
coil immersed either in a dry ice-acetone solution or in liquid nitrogen.
Second, an appréxim%tely 10 ohm wirewound resistor powered by a commercial
25 v, 5 amp variable power supply was used to boii\liquid helium. A modified
tip‘on the transfer tube accepted the gas above the liquid, passed it through
an outer tube to the tip's end near the bottom of the dewar and hence through
an inner t&Ee to the transfer tube proper.

,A standard Janis Research Co. flexible transfer tube was used for
thevhelium gas. One end was modified by being shortened and given an expanded
jacket as indicated‘above. The tube used for nitrogen was merely the expanded
jacket and short vacuum-insulated tip since the cold temperature bath was
pommonly.placed near the cell and a short piece of insulated hose connected
the cbpper coil in the bath to £he cell,

\ Although the design included provisions for partial temperature
control by adjusting the distance from the transfer tube outlet to the béck
of thg sémple giock, it was found that this did not have a usefﬁlly large
effect within the range of movement possible (~ 2%"). Thus, all temperature
control was achieved by cpntrolling gas temperaturé and flow rate. In”Fig. 2

are data representing the average conditions encountered in attempting to
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maintain loﬁ temperatures with cpld helium gas. Convenient control could bé
obtained in the region 20°-50°K without the shield and 80~250K‘with it. Within
these regions temperature could be stabilized within iO,ZOK fér periods of

30 minutés or @ore. The large copper biock damped temperature fluctgaﬁion due ig
to variations‘in gas flow with an estimated time coﬁstant of from 2 to 5
minutes, depending on témgerature. The'radiation_shiela moﬁnting collar was
about 5 3/4" from the sample area and at lowér sample temperatures the sﬁiéld
operated at from 60 to 65°K. |

At higher temperatures the radiation shield still had some effect.

With it installed temperatures from essentially that of liquid nitrogen could

be obtained using nitrogen cooled in a bath of the iiquid gas; without

it,-required gas flow was too small for good control at about 120°k.
Using dry ice-acetone as the cooling bath, temperatures from ZOOOK
could be obtained by regulating gas flow alone. , _ :
. . : : o
Temperatures above the indicated ranges for helium- or nitrogen-
cooled transfers could be easily attained. However, the small gas.flow

required rendered control somewhat uncertain with the result that long term

stabilization to better than 42°K could not be obtained. In the case of liquid

qitrogen cooling, this could easily be circumvented by a less éfficient'heat
exchangér in the bath or a heater on the transfer tube. For liquid helium
céoling, a heater could easily be mounted in the.samplé area for dynamic heat
flow balance at higher temperatures. In both cases, exact temperéture control
Was'ndy required'by the authors in the ranges indicated so these nodi fications
were not effected.

-In general use, it was found that temperature cycling could be made

-quite rapid. The transition from 300° to_ZOOK could be made in about 10 minutes,

.with the warmup using heated air requiring about the same length of time.
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Controlled, slow temperature sweeps were also quite easily accom-
plished permitting detailed examination of the effects of phase transitions
on the spectra.

Mechanically, the cell proved quite convenient to use. The tail
jacket was clamped into the sample '~ illuminating chamber of the spectrometer
by a slotfed ring mounted on its case. The celi itself was supported by a
pair of chain clamps mounted on an optical rail aligned with the optic axis
6f the Carykspectrometér. This permitted the ceil (without tail vacuum
jacket) to be quickly ext?acted from the spectfometer by sliding its mounts
.along the rail., It would then bé very easily returned to its previous con-
figuration. Sample orientation could be accomplished quite easily because of
the longitudinal and rotational degrees of freedom. Also, the transfer tube
portion could be removed without sigﬁificantly disturbing the remainder, thus
permitting 6perafion over the entire attainable temperature range without
a;tention to optical aiignment. The éell could easily be configured for various
sample illumination geometries by providing various tail jackets - relatively
small pieces to make. Considerable frost could build up aBout the gas vents
but did not prove a problem. Stainless steel was used exclusively except for

‘the copper portions with the result that the cold portions of the case were

quite localized due to the poor heat conduction.

FURTHER APPLICATTONS

e

The success of the cell as specifically applied to studies involving
the Cary instrument, along with its small size, light weight, easily changed
geometry, and insensitivity to operating position, suggested its usefulness

in a wide variety of applications. It was easily adapted for use with the

Ed
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SpeX double monochromater with laser excitation since i£ could, with a minimum
of external support, be mounted vertically on the 1lid of the sample illuminator
supplied as an option with that instrument. Its operation in that configuration
did not Qary significantly from that described above. Operated vertically, it
could also be used as a conventional dewar for liquid nitrogen and warmer baths.
The hold time for the sﬁall quantity of 1iquia nifrogen it would containiproved
to be. approximately 40 minutes, generally adequaﬁe for spectroscopic work.

The cell's versatility was ex£endgd'to infrared‘inveétigations by
using CsI and polyethylene windows, either on the same tail vacuum jaéket or on
another. 1In this configuration it has been used in transmission with Perkin
Elmer models 301 and 521 grating instruments, and Beckman models FS 720 and
FS 520 Michelson interferometers. With the latter it has glso been used in
reflection, its quick temperature cyciing allowing rapid changelbetween the two,
since multiple ﬁail jackets can be mounted at different locations.in the sample
chamber. The cell also has been used successfully with an evaporator attach-
ment for first obtaining thin films in situ and theﬁ, by rotating the cell 90°
within the vacuum jacket, taking direct infrared transmission measuréments.

This cell has been employed in several solid state spectroscopic

(1-4)

investigations, the results of which appear elsewhere in the literature.

The authors would like to thank Pfof. R. C. Loxrd, Director,

Sbectrosdopy Laboratory, M.I.T., for the use of the Cary 81 Spectrophotometer.

This work was supported in part by thé,Joint Services Electronics
Piogram at the Research Laboratory of Electronics, M.I.T. (Contract DA28-043~
AMC-02536 (E)), and by the National Aeronautics and Space Administration

Electronics Research Center (Grant NGL 22-011-051) at Northeastern University.
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FIGURE CAPTIONS

Fig. 1 7 Simplified mechanical drawing of temperature-control cell.
A Trgnsfer tube out to supply of refrigerant gas.
B Cﬁission of 1 3/8" of g;terial |
C O;ission of 2" of material
D Tube out to Qacuum feedthroughs on demountable flange
E Tube 6ut to valve and evacuation line
F Omission of 43" of material
1 | . Helium.or nitrogen precooled gas)in through center of transfer
tube
2 Vacuum sbace of transfer tube
3 . Expanded outer transfer jacket
- 4 Ring clamp to limit longitudinal motion
5 = Coolant gas vent o
6 Claﬁping nut for "O0'" ring seal -
7.-  "0" ring
8 Shoulder with slightly smaller inner diameter to limit travel

" of other elements

9 - Evacuable space
10 .Copper radiation-shield - mounting collar
‘ 11' : R;diation shield
12 \Copper sample block
13 Sample holder
14 . Wipdow
Fig. 2 : Typical helium flow rates vs. temperatures attained, with and

without radiation shield.




3.4-10

9
. I
\
: .
: .
i
i ' .
|
t . )
t
c
M
: m I
i N
B RN .
1 ¢ sl /4 . -
. i3
m !
m f
ﬁ
| .
| Vo .
| ' -
|
W {
ﬁ S
W :
| {

: :

///A //%//C__

\ \\\\\\\

J:

) 22T A 2L ra pa
4 & X . )
\ D0 va s = e
R / ,\ & Z Z YA ra 2L r4 < L Z
2] w.a T \ \\
. J DN < o AARSARN S ; < ~ \\\ \\\\\\
. o o T > re i 4 . 3 N
. Py |
Ny} . g =z ' 77 (0L . PO O e s TP, TR \\
[EZ LW SN
, N A« § K& SN LI
(e ez ,
« . ¢ 4

E /%///? M/



AAAAAAAAAAAAAAA

50

|
40

WITH SHIELD
———— WITHOUT SHIELD
TEMPERATURE (°K)

20

l
© o ® 0

C(YH/SEALIT QNI

‘3LVY YIISNVYL SVO WNIT3H

3.4-11



3.5 The Influence of Lattice Anharmonicity on the
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The Influence of Lattice Anharmonicity on the Longitudinal

Optic Modes of Cubic Tonic Solids

R. P. Lowndes .
Spectroscopy Laboratory, Research Laboratory of Electronics §
Massachusetts Institute of Technology, Cambridge, Massachusetts

and

Solid State Spectroscopy Laboratory
Physics Department, Northeastern University, Boston, Massachusetts 02115

ABSTRACT

The determination of the k ~ 0 longitudinal optic mode frequencies
and lifetimes from -the dielectric, e(w), and inverse dielectric, T(w), reponse
functions éf simple cubic solids is discﬁssed. Experimental results of the
temperature dependence, over the range 50~4000K, of the k a2 0 LO frequencies
and lifetimes of eighteen alkali and thallium halides are given, as determined
from Kramers-Kronig analyses of near normal incidence single crystal reflec-
tance data and from small grazing angle reflectance data of thin films on
conducting substrates. In addition, the pressure dependence up to 5 kilobars
at 290°K of the LO ffequencies of RbI, CsBr and CsI are reported. At 5%K the
Lyddane-Sachs-Teller relation holds within #3% for all the salts, and even at
'290°K tﬁe relation is obeyed within +10%. The temperatufe and pressure results
are used to detérmineﬁthe self-energies and Gruneisen constants for the LO
modes. At room temperature the measurements reveal that the self-energies can
either enhance or oppose the temperature dependence of the modes arising from
thermal expansion. This is interpreted in terms of competing three phonon

and four phonon decay and scattering processes.

Note: The pressure work was performed at Queen Mary College, University of
London.

Work supported in part by the Joint Services Electronics Program; Contract
DA 28-043-AMC 02536 (E).
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o ffﬁinvestlgatlons, for lnstance from the observed temperature

"*to separate those effects of anharmon1c1ty whlch are exp11c1t1y temperature

3

,

1. INTRODUCTION

J\If‘the lattice potential energy of a’crystal Were perfectly harmonic

-'the phonon frequenc1es would be 1ndependent of both temperature and volume
A’,Ev1dence of the actual anharmonlc lattlce potent1al present in real materlals

'f_llke the alkall halldes is readlly avallable from a varlety of experlmental

(3,4) .

(1;2)

and volume

e

*i”:ldependence of the frequenc1es and llfetlmes of the k O transverse Opth modes
”;:of these salts ‘ The 1nvest1gat10ns conducted so far have revealed only a small

'intr1n31c temperature dependence of the k 0 transverse optlc modes compared

( )

‘:5fto thelr 1ntr1nsrc volume dependence To date, few investlgatlons of any
' klnd of the k O longltudlnal optlc modes of the alkall halldes have been

:i;made.(s) In thls paper we report on the detalled temperature dependence of the

jih 0 1ong1tud1nal modes for some alkall and thalllum halldes and also on the |

'j(ijpressure dependence of these modes for RbI CsBr and CsI. The results are used

©os.

:ffbutlons are dlscussed in terms of the self energles of the k 0 longltudlnal
foptic modes and the latter contrlbutlons are dlscussed in relatlon to thet

: Grunelsen constants of the se modes,‘" :

.5-2

VA;g,dependent from those whlch are exp11c1tly volume dependent.‘ The former contrl-




(”f'prOpertles of the dlelectrlc response functlons for cublc systems by whlch a_ o

E infrared spectroscoplc measurements

V.thelr 1nteract10n w1th longltudlnal optlc phonons in 1nf1n1te medla, Berreman

- has shown for cublc systems and Lowndes et al. ( ) have shown for anlsotroplc

3

z - M ) : ’

-2, bETERMINATION OF THE LO FREQUENCIES AND LIFETIMES

‘AlthouOh the transverse nature of electromaonetic waves prohibits

(5)

ﬁ,systems that 1nfrared absorptlon measurements can for suitable sample—radlation._b
"~;;geometr1es, be used to measure the frequency of k 0 longitudinal optic phonons'

'-when thln strata (non 1nf1n1te) samples are used We dlSCUSS now the 31gn1f1cant

éfdetermlnatlon of the k 0 Lo phonon frequenc1es and llfetlmes is achleved from

- Loy .
- [

For cublc systems the three pr1nc1pal components of the dlelectrch

ff'tensor are degenerate In the follow1ng dlscu331on 1t is assumed that the

‘;_ihapplled electromagnetlc flelds are small compared to the 1nterna1 crystal

- fields and hence we may retaln only a llnear relatlon between the dlelectrlc

lfdrsplacement, D,Vand the electrlc fleld E whlch may be wrltten elther as

n(w) e(w>E<w> SO <1>

B ;wherepe(w)hisla frequency dependent complex dlelectrlc constant, or as‘_

l|

Tl(w)D (w)

b'iinééjlé e(uoull

15The chorce of equatlon depends on the type of v1bratlon under consrderatlon

RO

‘b-and will be determlned by whether D(w) or E(w) drlves the system In deallng

ig5 with long wavelength transverse optlc waves the electrlc fleld E(uﬁ drlves the

system and hence the use of the dlelectrlc response functlon, €(w), in Eq (l)
RS . R

is the more approprlate response function in thls case. In deallng with 1ong

cel optic N -
B wavelength longltudlnalAmodes 1t is the dlelectrlc dlsplacement D(w), which




,315;4
B N
’ drives'the system and the inverse'dielectricbreSponse function, M(w), is now
(7 ) '

more appropriate

Both e(w) and ﬂ(w) w1ll in general be complex and for e(w) and ﬂ(uD

.

'1to follow causal behav1or requires that e(w) -e (w) and ﬂ(w) -ﬂ (w), where

'the asterlsk 1nd1cates the complex conJugate. Because of causality the poles

()

Arfiand zeros of e(w) and ﬂ(w) w1ll be,either above the real ax1s or below it

—

,depending on which SLgn convention 1s used to describe time periodic functionsi

-’7ﬁ[¥Sane the dielectric constant for the compounds con31dered here 1s a scalar‘_

]quantity,-causality further requires that the poles and zeros of e(m) and ﬂ(w)

"llflbe symmetrically distributed about the 1maginary‘ax1s of the w plane( ) (thls

would also be true for a second rank tensor dielectric response function) VIt

: is clear that a pole of c(w) and a zero of ﬂ(w) w1ll occur whenever a frequency

: v":mr occurs for wbich E(mT) O and D(w ) # 0 that is for a transverse optic

»1?f>where w is the applied fleld frequency and W

frequency, similarly a zero of e(w) and a pole of ﬂ(w) w111 occui for a fre~
'-ﬂ.quency wL at which E(wL) # 0 and D<Ui) = 0, that is at a lon01tud1nal optic ‘
h¢frequency o SRR R 7 L

- We are primarlly concerned here w1th the response function ﬂ(w) he

()

ff”‘most general form for ﬂ(w) for a system of N osc1llators may be written as

]-a'(mx;~5 ‘)§5°;1{_w o .~»£:tfja;ffffhilfffr
" A——— @

i :1z“f,

_ ":'Tr,j’j

Ziand mP represent, respectively,

'-the complex frequenc1es of zero s and poles in ﬂ(m), ﬂm is a constant used to

collectively describe the poles and zero' s in ﬂ(w) due to intrinsic electronic
atranSLtlons and is defined as ﬂm E— s where e 1s the high frequency ‘dielec-

'f;tric constant. Because of the consequences of anharmonic 1nteractrons in real

: ”fﬂfcrystals the locations of the transverse and longitudinal optic mode frequenCLes

kf-we do so here in the follow1ng»way:‘”l

“and their assocrated damplno can be defined in a somewhat arbitrary manner and .




o U 5 "‘(>wzj) + (wzj) . S (?

"'exactly 1ocate u& and mL | For real crystals, however, the clas31ca1 osc111ator

i

o

).

R L e L R O

g
. 1l

1~The fundamental goal in an experlmental analysls of e(w) or. ﬂ(w) 1s to -ih

| fdetermlne the locatlon of the frequenc1es u&J and mL and to determlne the

f'tﬁ:magnltude of the damplng constants F T and F ' We cons1dex here the case for B

ATN 2 in Eq (6) (Thls in fact prov1des a close approx1mat10n for the ﬂ(w)

ﬂresponse functlons for most of the salts con51dered 1ater) In thls case,

';, ﬂ (w), the 1mag1nary part of ﬂ(w), is glven by

Lot ', L - T )w + ( - I" o YT SRR BEPEA
" 11"(“’) =3 [ z2.2 mL 22 ] Lo ;":-‘ji*';,_'.f“{_"(_7.);

L :" . - L i K - . Tena j‘ ; s C
';Q'It is well-known that a maximum in the we or. 5— and lwﬂ l or IIL1 for a classical

7‘;.osc111ator dlelectrlc response functlon (1 €., where F F ) w111, respectlvely,_

P

- model does not hold (Sane, for 1nstance, F # T ) and so we have

R r, -t SRR Lo
[ ) .m%pz o e s @

. L o PO : »._- . '-'\«'t‘(-"




. f\“- _v; S L [§§51~] F wU/ wL4 - LmT:> (9)A

b If a plane electromagnetlc wave lS to, propagate throuOh the system then we must .

';have e”(w) 2 O and ﬂ”(w) S O whlch from Eq (7) leads to the conc1u51on that

L . . A g
'PQEquatlons (8), (9), and (10) therefore reveal that the turnlng p01nt in

SRS " ' : = o
'-;ff;[éggf] occurs at a frequency below @L and that the turnlng p01nt in r ]

; 'iffﬁéioccursAat a freduency abonerquD For the compounds lnvestlgated here the turnlng.
Af;p01nts in these two functlons occur elthln f cm -1 of each other and aokelther
ngof the functrons may be used toAconvenlently locate uL E%actly‘simrlar , |

af?:ﬂarguments can.beAused to deflne‘a frequency 1nterva1 in whlch u& must eXlst
'.7?3jfrom we” and € "/ functions. KON ‘ A’ 1 L T ‘

: Vfor eystems wherek<;L < 1, as is the case for nearly all the salta

é' B if-eoneldered here, the w1dth at half heloht of the functlons wﬂ and ﬂ /w are |

i - R S :

%:;_iijfzéif gglven, respectlvely, by Aw ‘and sz as




- and ,

T

) ch1a381ca1 osc111ator results (1 e., I

7 and

/w are glven, respectlvely, by Aw and Aw4 as:

e £ flnd ‘that 2

-~ where

'FL, as for the cla331ca1 osc111ator, then equatlons (11) reduce to the,

?L P: ‘2%,2> 1%122

~ R |

::L»‘ " )::.

,:.TA(DZ;':,J FL<1_ -—-—u)L . .

In a 31m11ar way the w1dth at half helght of the functlons we

l and Z

l g ~ 2 for the salts 1nvest10ated here, so that

3.5-7

,;ff-(ilb)

and"

only

5 the flrst two terms in these expan51ons need be con51dered to obtaln a good

S estimaté of_the values FL and I..

By separately determlnlng ” and ﬂ

as a
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s,

'-;hfunct1on of frequency, therefore)an lteratlve procedure 1nvolv1n 2, say, elther
Eqs. (11) or Eqs (12)‘can be used to determlne F and F . In the _present work

such an 1terat1ve procedure in many cases prov1ded adgustments of less than SA

1

.;.*to the .values of F determlned as the value of Aw, or Aw Since for the main
»part such adgustments were 1ess than the experlnental error, the values of T

?ic were taken dlrectly as the half helght w1dths Aw or Aw

The frequency dependence of ﬂ or ¢” is readlly obtalned from a

’3ffKramers~Kron1g analy51s of reflectance measurements u51ng the Fresnel formulae

g_‘apprbprlate for a crystal allgned w1th the de31red ax1s prec13ely parallel to |
'{7;the 1nc1dent electrlc fleld and perpendlcular to the plane of 1nc1dence. »How—»r

()

'1tever, as Berreman first demonstrated the lon°1tud1nal optlc modes can be'
F.l”more dlrectly studled from thln fllm measurements The it polarlzed reflectance

'—Jvfcomponent R ; of a thln f11m on a conductlng substrate is glven to a good

"-h approx1mat10n hy ] htxl f‘ l - R % - Awn”'_,;; 7: 1 1}fff:vdiﬁiln”?“{fjiiif7?j;t
. .W1th wh:; 'Alir';;dfdﬁ'i{:'E;Tgf;5;f:;;;y{;
4t¥i;f" 7 .‘nze
A~ cose

jf?where 9 is the angle of 1nc1dence, c 1s the veloclty of llght and d is the

\f*ffilm thlckness Slnce A w111 be constant in any one e<per1ment, 1t 1s clear

: *;from the prev1ous dlscuss1on that wﬁ w1ll be located by the frequency p031t10n
N .1 -1R :

: ?of the max1mum‘of ——T and that P w1ll be determlned to a good approx-
S . 2 . : L

: v 1-R_ 1+ R
~»imat10n by measurlng the wrdth of the curve of 3 at R_ = ——— gher

CeE T - , i 2

o L . .
i9¢Rn 1s the nagnrtude of R at W= cmL:,

.




3 memnEw
' | The 1nfrared spectroscopic measurements to determine the dispersion
vdof ﬂ 1n the.reglon of ui were recorded partly on an f£2 SLngle pass gratlng
"iv:instrument of the Ebert type and partly with an R.I. I C. (London) 520 Fourler i
.'?Aspectrophotometer used in conJunctlon w1th a 11qu1d hellum cooled Ga doped B
ip-germanrum bolometer ' | . V o ‘

‘ ‘ The frequenc& dependence ofAﬂ uas determlnedvfor mostxsalts>from a
tli‘jipfmeasurement of R (angle of 1nc1dencevr 80 )‘for thin films'evaporated on B

N

}'alumlnlzed mlrrors. Many of the compounds were hygroscoplc to some extent

5i;An evaporatlon gun was therefore lncorporated 1nto the low temperature cryostat

'E?iand the thln fllms of these more hygroscoplc compounds were prepared in 81tu

brmababi 4 ek ® i

v'fiwrthout expo31ng-them to the atmosphere. Forra few compounds, ﬂ (w) was also
'idetermlned from Kramers Kronlg analyses of reflectance data taken at near
. ‘"5f7~normai 1ncrdenceb(anaie or 1nc1dence>b 7/ ) from slngle crystal samples-,
% di:d;;it 3:b;:;fff A: Hrgh pressure-spectrosc0p1c studles of mL were.made u51ng the far

‘s;infrared pressure bomb shown 1n Flg 1 The pressure bomb is capable of operat-

i 'f?fffzf e ing up to 10 kllobars us1ng elther dry nltrogen or argon gas as the compre331on

N

”Jf—medlum. In the present experlments the pressure was dellvered to the bomb by

,1a Harts compressor The radlatlon ports 1n the bomb were 1 cm in dlameter and

.fcon31sted of two 5 cm drameter.crystal quartz blanks; lapped‘optlcally flat and ?d
‘:{parallel.to better than 300 A wrth the'martensltlc steel w1ndow mounts E"'Aﬁ::
Ceiliptical specimen hoider‘b containing aAsample portAand a blank reference.j
”port mas manually operated externally to the bomb byvrotatlnrr the control
\:;,'.changer c, thus permlttlng both sample and reference spectra to be recorded
without chanOLng the 1nternal environmental COHdlthn of the bomb. 1In. studylng

'”;the pressure dependence of @L large 1nc1dent angle transm1531on measurements




SR 3,510
or10- o

o+

(5)

'o;‘x. thin films oﬁ ioésle.sé: sVut;sti"atve-s were usea. A The use of the radiation
guide and >cone: in the S.uppc;r; window plugs B ensured that the' radiation, through
.,repéatejd refleétion, _wéuld strike‘ .thé samples mounted in the plaqe of D (pe_ff
pve-n.d'icu_iai): to““the figtv}-):evél.anie) at;. Alaxge angles olf.incidAence'.,'v ' o ;

Tex
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4. RESULTS

scattering processes.

©3.5-11

Figure 2 shows the measured reflectance at near normal incidence

o from bulk samples of KBr, RbI CsI and T1Br at different temperatures and com-

.:pares the frequency dependence of %%-determlned from Kramers-Kronig analyses

(1 -R)

L2 ~ "
w

\of this reflectance data with the frequency dependence of —— = determined

*’fromvthe small ér321n0 anale reflectance of thln fllms nlso shown for com-

lipleteness are the functlonsrwo‘; determlned fron bulk crystal reflectance data,
‘?;}land the‘functionl<% - b) determlned from the transmlttance, l} of thin films on

A;lossless substrates (polystyrene or mlca) for near nornal 1nc1dent radlatlon

: 'Q;:The flgures reveal that the locatlon of , determlned from the frequency

. - n .
jp031tlon of the turnln p01nt in %5, are in close agreement for the two methods

Aldfof determination _ In addltlon, the llne shape, as deflned by the proflles of

‘7f_1&'are in reasonable agreement for both types of measurement.

Table l summarlzes values of wL for elghteen salts in the temperature

e

>‘;range 5 —400 K determlned from'both types of experlmental measurement> The |
l‘*measurlng accuracybls better Lhan *0 5 cm lr rWhere there.is overlapﬁbetneen
'1Effthe two measurlng'technlqueshlt can be seen that there 1s-overall agreement
fﬁibetween the frequenc1es to better‘than lA. lhe spectra ror several of the"
: dtcompounds showed strong subsldlary bands 1n>the close prox1m1ty of the funda; _
"d;mental lonéltudlnal optlcvmodes, asllllustrated-in.flg 3 for KBr, and theij
?frequenc1es of these sub51d1ary bands .are 1nd1cated in the table by an asterlsk

Q'Thesev31de bands_are_thbught_to be assoc1ated w1th two phonon decay and

. T . S r, o o '
R Table 2 lists the observed values of EL determined from the thin film
e - L .

_and single crystal measurements ‘Forlthose salts where the line profile close

lito mL contalns a dlstlnct double peak 1t 1s clear that the 51mp11f1ed analy51s

F

'tlof sectlon 2 to obtaln F does not apply No values of L have therefore been

»41»
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included in Table 2 for such cases. Data are not anluded for K¥ and RbF at

other Lhan 5 K partly because the w1dths at half helght were too 1arge at

-

,hlgher temperatures for Lhe approxrmatlons contalned in section 2 to holdeand

partly because of the comparatlvely 1ar0e error 1nvolved in measurlng these
' ' I

:”7; widths It is not clear whether these large values of L reflect a genulne'

ti short llfetlme for these LO phonons or whether 1t is to some extent an artlfact .

due‘to the 1essvpure startlng materlal used in the preparatlon of these frlus.

As Table 2 shows,‘the 11fet1mes of the k O LO phonons 1n the alkall halldes_a

. are 31gn1f1cant1y shorter than those of the k O TO phonons | o
e -Flgure 3 shows thejpressure uependehce of the k O.vafrequenc1es

| bof RbI and CsI for pressures up to 5 kllobars at 290 K Even though the pres-

:f: sure 1nduced sh:fts were small because of the p01nt by p01nt measurlng

Ih—technlque used and the 1ack of any observable hystereSLS durlng the pressur—

-

121ng cycle,the measurements of [BP] are thought to have an accuracy w1th1nv‘

:{:15%.: o o




‘f:propertles of CUblC dlatomlc ionic SOlldS, Lyddane, Sachs and Teller

5. DISCUSSION R

'tvfr"13~ 35“13

-

5.1 The Lyddane~Sachs—Teller Relation

On the ba31s of a 51mple mlCtO°COplC model. of the dielectric
( 1)

‘r!’ : “ s .

‘.obtalned the,relatlon

wL ”r

*;iiThe assumptlons based in thelr derlvatlon of thls relatlon were that the equa—

: _tion of motlon and polarlzatlon of the system varles llnearly as the amplltude“

;AFS,of the applled fle]d and that the effectlve polarlzlng fleld at a lattlce 31te .

”

-tdepends on the macroscoplc and Lorentz 1nternal fleld The relatlon is some- :

BN . o .,:

-::,what more’ general than was flrst 1mplled however, and it 1s readlly shown that

Vifdelta functlon at mI Cochran and Cowley

riﬁ}the relatlon follows from causal behav1or prov1ded the s curve exhlblts a

,(12)

have shown that the relatlon holds _'

Vd'if'in any crystallographlc dlrectlon for crystals of any symmetry w1th1n the

“"fﬁﬂadlabatlc, electrostatlc and harmonlc approx1matlon The comparatlvely few

= measurements of wL for any SOlldS have prevented any rlgorous overall assess~_

*5ment of the LST relatlon. Neutron scatterlno measurements have determlned w

e for KBr,

'ff‘values of u&,{ and €. for the salts conSLdered here,

:simultaneously 1nfrared and Raman actlve. .

_ L

s and some ver1f1ca~ :

(13) ya I, (13) K1(14> TlBr(ls? and NaCl( 6) at 90 K,

t3~{kt10ns have been made for plezoelectrlc crystals where the optlc modes are o ‘

e )

U31ng the recently reported o

2)

St
,.’_ - -

values of wL have been .

'fcalculated for temperatures of 5 and 290 K and these are 1lsted in Table l

”*piThe results lndlcate that the LST relatlon holds to better than 3A at 5 K and is

.';.1n reasonably good a01eement even at- 290 K altnough dlscrepanc1es of as much as

lOA were noted in some cases. The degree of aoreement at low temperatures is

- B o . : . <

encouraglng and prov1des some support for the use of the harmonlc approx1mat10n

g fin lattlce dynamlcal calculatlons for these salts at temperatures close to

51.0 K

(18 19)

.:' ;_'?f
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5.2 The One-Phonon Longitudinal Optic Gruneisen Parameters

B - The temperature dependence of each phonon frequency in the Brillouin

~zone stems from the anharmonic terms in the lattice potential energy in two
T e P , . L C : » o
"+ ' separate ways. Firstly, due to the thermal expansion of the crystal, the
T T D IS o ST L .
o iﬁter-ionic force constants are temperature dependent thus creating a quasi—
A N - _ ‘ - : :

harmonlc Shlft of each phonon frequency as the temperature (1 e., Volume)
. . : <

:changes. Secondly, lattlce anharmonlcrtydallows 1nteractlons between phonons.
Atf{??of differentdmodes and these interactions uill change the phonon.energles and
* give them a finite lifetime. Since the probability of such interactions
occurrlng depends on the-phonon occupatlon'number,hlt 1sﬂc1ear that both the
phonon‘frequency and 11fet1me w111 have a temperature dependence.whlch w1ll
"'Q1i take{place even-under-constant voiume.L>;: _i;itr 7 - .
| ﬁe conSLder flrst the varlatlons of mL w1th volume; Wlthln the

limlts of a qua81harmon1c osc111ator model the volume dependence of the

”5k 0 longltudlnal 0pt1c mode frequency is descrlbed by

-

";4;n~,-jwhere YL 1s the characterlstlc Grunelsen parameter for the LO mode.» The

Grunelsen parameter can be convenlently determlned experlmentally from the »

,relation k '

0 -=”,l_f;fi R ”ij~';.}’;¥lw,f<14)d‘
'providing_the compressibility, B, and the pressure coefficient under constant
3 temperature of wL —m[awL}T, are known. 'Using the measured pressure dependence

: : Co , . .
ioﬁ w reported here, the Grunelsen parameters for the k = O 1.0 modes of RbI,

f~CsBr and csI have been calculated andrare listed inATable‘3.
B SRR R . R T SR ST fdééi‘,;"T‘fr




’ '15f;

An estimate of the Gruneisen constant Ykaor the remaining salts can

. be calculated from Szioeti's treatment of the static dielectric constant of

cublc 1on1c crystals ( ) SzigetiAobtains the following form for the static
. dlelectrlc constant, €, ' S

';f*;g;,j?,ijflfl7"ﬁ. e+ 2 B AL N S

. where €, is the hlgh frequency dlelectrlc constant, e is the Szigeti effective

~i;;charge,( ) and u and v are the reduced mass and cell volume, respectlvely, for

';;a cell unlt G is the pure anharmonlc contrlbutlon to eo and in Szlget1 s

. R
~

‘Tlg.:treatment 1s assumed to be volume 1ndependent From the prev1ous sectlon ltb

'3“:1;1D1fferent1atlng Eq (16) 1eads to

'»,:was clear that even at 290 K the LST relatlon held to a good approx1matlon,

',x{,so that Eq (15) can be reduced to ”A‘_;g; lfivfl;;:?;;;?'l%‘F.

e, +-(: ; 4f‘ -2+ ae

aznmL azn(e S 5 azne o
[aznv ]T 2[ anV ]T 2 anV ]T

azn(e + 2) azne . BT ’ ,‘
g L dfne l R T -
[ f‘ BﬂnV ]T [anV ]T "[aznv 27° S ;;xfgg;‘;?>.,_

A;;fi”JThe maln dlfflculty in asse531ng YL from Eq (17) is. the calculatlon of the

"::;volume aependence of e . "Born and‘Huano

R @)

have shown where dlstortlon dlpoles

i‘directed alono anlon catlon bonds are responSLble for e , that .
S ;‘% ' U
e 3[ ‘e )+ as)

Zm(r )]

. where N-is the lattice coordination number, m(ro)-is the distortion dipole

3.5-15
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between nearest nelghbors at their equlllbrlum separation of ro and m (ro) is

~ the rate of chanoe of m(r ) with lattlce spacing. Mitskevich523) and Lowndes

(2)

have pointed out that the distortion dipole moment in those

j-alkali halldes crystallizing in the NaCl structure contains'a contribution
"arlslno from short range Coulomb 1nteractlons between the hexadecapole moments

of an ion and the monopole moments of 1ts 1mmed1ate nelghbors, as well as the

h‘7; fmore establlshed contrlbutlon from the short range repu151ve forces It is

E‘found that

(2 3) the total value of m(r) is closely descrlbed by the form

o Ahxhrh m(r) = Ae ?/p t. 3 | . h!’i :r.:;

‘>where A is a constant, and r ‘and p are the nearest nelghbor dlstance and the

( 2)

‘:?,hardness parameter, respectlve1Y> as glven by Born and Huang Assumrng'
.Vi}thls to be generally true Eq. (18) leads to .
: S TS 2 2
- ‘d4ne o~ o a9y
dfnv I L
' P p ro
: , *(2) , ) : '
.'_;U51ng the avallable data for %‘ » and p and r, ( together w1th avallable
(24) (25 26) allows an estlmate of

Jdeata for the volume dependence of €5

' icalculated and experlmental values

. %Qi to be determlned from Eq (17) The values of YL 50 calculated are llsted
:in Table 4 and 1t can. be seen that for those salts where YL was determrned

'?*;:dlrectly from experlmental measurements there 1s good agreement between the ]

©3,5-16




1~we may wrlte the lon°1tud1na1 Opth frequency, w (T), in the form

T~jdef1ned by

B where mL(T) is the characterlstlc frequency at temperature T that would be ‘ '

USRI 3517

o, K . . o . . - R -

, 5.3 1The Self-Energy of the Longitudinal Optic Modes

We consider now the self-energy contribution to the overall temper-

-~ ature dependence of the 1onOitudina1 optic modes. From the previous section

.;

N fif: wL<T> wL<o> - AwL<T> - AwL<T> N ~'*’>fa' <2°’ -

ﬂfwhere m (0) is the frequency at O K and AwL(T) is the qua31 harmonlc Shlft due
;e to thermal expan31on and AwL(T) is the self- energy shlft The quastharmonlc :

HA',Shlft 1s deflned as 'if;n:{liefdf;i;:fi?ilgré;A,i;;;?~igi?;;ffpy;qf;fﬁi}f{tfx_;:}vl

A%(T) wL<o> ~‘wL<T> " <21>

- where oy (T) is the characterlstlc frequency at temperature T that the solld
1would have if thermal expan31on processes only were respon31ble for the temper— -

' atu1e depcndence of ut The quantlty wL(l) can be calculated from

L A = a0 -y J, T e
LI L 0 T e i

2=’where a 1s the volume coeff1c1ent of expan31on The éelf-energy shift is

:i;iggééiz:;-@igTjiflétKzj":' |

-recorded for a solld held under constant volume between T = O and a temperatuxe

)

' Values of AwL and AwL determlned from Eqs (21) and (23) are summarlzed

|

‘-hlin Table 3 for the temperatures 80 200 and 290 K Values of o used 1n the »_‘T:




calculatlon of AwL were taken from the llterature

‘f icantly In the case. of the Rb and K halldeS, for example, the self energy

S 3.5-18
L 18- ‘

(27 31) A comparison of the

magnltudes of Awﬁ (290) reveals that as we move from the heavier Rb halldes to

7"}thellghter L1 halldes the maonltude of the self~energy shift decreases signif-~

f,

RS shlft strongly domlnates the Shlft due to thermal expan31on, whllst the reverse

_is true for the Na and Ll halldes In the Cs halldes the AmL (290) also dom~ L

"f{flbinates the Aui (290) but now these quantltles are opposed in s1gn unllke the

Vuﬁﬁjtheory (see review by Cowley

lfbfresulLs for the other alkall halldes The calculatlons show a reversal in the

~

7:'31gn of the AwL for the Cs. halldes at temperatures below 200 K. Slmllarly

(

'f,j,the calculatlons show the AwA for the Na salts to be decreas1nU w1th 1ncrea31n°

L

fﬁritemperature 80 that the p0331b111ty eXlStS that there could be a change in
x:ff51gn for these oalts for the AwL at temperatures hloher than 290 K However,»d
n.f;because of the approx1matlons made in the calculatlons of YL and because of
h'.the experlmental uncertalntles in the varlous quantltles used in these ca1~>‘
Ai'culatlons, the small magnltudes of Aui (290) determlned here for LlF NaF -
‘YifNa01 and CsCl do not dec151vely dec1de‘_;~ the 31gn of Aui (290) for these_y
1-';salts, for the same reasons the calculatlons do not conclu31ve1y 1nd1cate thath

'fa reversal of 31gn for AhL does take place for the Cs or Na salts

A number of authors have deduced expre331ons for AwL by perturbatlon »l

()) ()

Maradudln and Feln have calculated the

:<heffect of cublc anharmon1c1ty to second order and of quartlc anhﬂrmon1c1tv to

\75}‘f1rst order in perLurbatlon theory and they obtaln an express1on for AwL of

AA=+_1_§ Z - vd ql 2> {n1+n +1+n1+n2+1
LRy, o h2 : +ow, + wL W tow, - ow
B b 2 ) SRR
.. n. -n, n, - n, . - 0 0 g “qN ' o
et «zw +l ) f E } ) i% ZJ v <l L 'l .{){an + 1]
S e T e T s A SR O

e
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where‘hl = n(qul) is the thermal expectatlon value for the occupatlon number

of the phonon mode and w, = w(qul) is its frequency The V coeff1c1ents

1

derlve from the lattice potentlal energy of deformation at constant volume,

expanded in terms of the normal phonon coordlnates. Equatlon (?4) shows AwL

‘,-x

-fto be the sum of a p051t1ve term related to the,cublc term in V and a term N

Twhlch derlves from the quaztlc term in V whlch may be neoatlve » The negatlve :

';_values found for AwL at 290 K for the Cs halldes would seem to 1nd1cate that 4 ‘

-'Efthe quartlc contrlbutlon is 1ndeed neoatlve and that 1n these cases thls

. \

domrnates the contrlbution from the cublc term The small values of Aw (290)

adetermlned for the Ll and Na halldes suogest that there is a near cancellatlon"v

'f3'of the cublc and quartlc terms in V at 290 K whllst the relatlvely large
ifip031tlve values of Aw (290} determlned for the K and Rb salts clearly '

"5f'ind1cate that the cublc terms in V prov1de the domlnant contrlbutlon to AmL

:‘ifor these salts. The reason for the domlnance 1n AmL of the contrlbutlons :

’from quartlc terms in V for compounds whlch have the CsCl structure 1s not -

'fclear. Bosman and Hav1nga have suogested that the cubic terms could be of

’ifreduced 51gn1f1cance in a CsCl structure because the hlgher coord:natlon

”.1:an ion w1th 1ts nelohbors

:'“lfnumber reduces the effect of fluctuatlons among the palrs Of bonds formed by

(3+)

It is worth notlng that Aw (O) 1s not zero because anharmonlc

'*1fcontr1butlons ex1st in the presence of zero p01nt fluctuatlons. However,"

vfextrapolatlons of the data in Tables 1 and 4 suggest that the AmL(O) are not

‘Amuch lar er than 17 of (0) This near zero value of Y (O) may in fact be
: 8 mL “L

Abrthe reason why the observed values of wL(S) are nearly always 1- ZA lower than

Ah‘hthe values calculated from_the LST relation. v » - b S . -

‘ Q: The'general formula for the inverse lifetime given by Maradudin and

;;{Feln(BB? can be reduced to descrlbe the one phonon main tran51t10n in the

v p————
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‘vicinity of W as a damped Lorentzian resonance with a damping parameter tL

given byl

S d; ¢ o | |
I, = 187 ), lv (L 1 ?> % [(n +n, + 1)6 + (n - )6D] (25)
. h }', . ) Jl 32 -

where 6 and 6 are Dlrac 6 functlons whlch are zero except for palrs of modes

h.for whlch wL is near (w + w ) and (w - w ), reSpectlvely Equatlon (25)
Tﬁf’reveals Lhat F # O even at T O?K. Extrapolatlons of the measured temperr

7'>»:ature dependence of F down to 5 K conflrm thls result Equatlon (25) shows

'that the decay of the phonon at 1s pr portlonal to the two honon dens1ty v
QL P

- - n

:7fof states at Ui The strong attenuatlon at mL for many salts, espec1ally for

;the double peak proflles found in NaCl KCl hBr KI and RbCl are therefore
'"l;probably due to the presence of peaks in the two phonon den81ty of states at
‘*‘or near mL The exrstence of a double peak feature near mL for KCl and RbCl

eat 5 K 1mp11es that these are due prlmarlly to two phonon summatlon processes

A test of the observed temperature dependence of AwL and F agalnst

thhe theoretlcal express1ons in Eqs (24) and (25) would requrre the evaluatlon ,
7.:uof'exten31ve summatlons over one and two phonon densrtles of states. Some
'ﬂsimpllflcatlon to the problem is achleved 1f we restrlct our 1nterest to tem-; ‘

'flvperatures hlgher (but not too hlgh) than the effectlve Debye temperature for d

the salts, since at these temperatures the leadlno terms in expan31ons of the

% S

‘ﬂ grve a lrnE'” te peratu re depe1 ence of both Adi and F More detalled '

*mmasurements of the temperature dependence of wL and T under constant pressure

and constant volume are currently beino made to temperatures well_above the

i,characterlstlc Debye temperatures of these salts in order to test these pre—

- - . . s

”“dlctlons. However, it is of 1nterest to compare the values of A“i and Awr

o presented here wrth the shell model calculatlons made by Cowley(BS) for KBr._

q—v

h_Table 5 shows that whllst the overall temperature dependence of wL for KBr 1s\i'

s
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Vsldwly and more quickly with temperature, respectively, thah indicated by.

in,éood agreement, the Awﬁ and AwA obtained from the present work vary more

ulations.
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SUIMMARY
The measurement of the temperature and pressure dependenee of

1~the k O LO modes of Smele CUblC ionic SOlldS has allowed a first deter-

,'mlnatlon of the varlatlon of wL at constant volume and of the magnltude of
"',the self energy contrlbutlon to these modes. The measurements reveal that'
*fthe self energles of these modes at 290 K can elther enhanee or oppose the

.

3.5-22

’-temperatgre dependence of the modes arising from thermal expanslon, dependlng

" on whether three phonon processes due to cubic anharmonicity or four phonon

~ . . L . .~ . .... ..' T .,‘v; . .';‘t . N
processes due to quartic anharmonicity give the overriding contribution to

:-.the self-energies. At 0K only small residual self-energy contributions
- appear to remain which amount to no more than 1% of the total LO.phpnon

T energies.
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" TABLE CAPTIONS

~1Table11; l:( Values cf QL,uin cm;l, as determine& fcom Kfamers;Kfonig‘(KK):
"7}5:analyses of reflectance data, from-small grazlno angle thln "‘
‘flfilfllm reflectance data (fllm) and from ‘the Lyddane Sachs— |
lTeller (LST) relatlon The neutronAmeasu:ements are taken
'ﬁ?:from references 13 lS ’-Anjaaterlsk:inaicaﬁeeVcﬁe éfequency :

:ifeflocatlon of 51de bands in the close v1c1n1ty of wL The

DS : a0
»H_experlmental accuracy is *O 5 cm .

L : et ';;r ffiA'j e S . PR T
- Table'z' . Values of —— determined from KK analyses and from thin film

'.;iﬁeasurements}” The r& are taken from reference 10.

'ftiiaﬁlek3bl' v ?alues of'%igng and Y, forleI,:CsBr and CsI.

o fTaBleIAA "“'lCalculated values of YL’ AwL and Aw for several salts

) ;All frequenc1es are in cm . An asterlsk 1nd1cates an

#iiexperimehtallvalue cf-yi. o

“;féTable 5_‘i. le comparlson of values for AwL, wL and AmL (1n cm ) for

- ;KBr obtalned from the present work w1th.the shell model

calculatlens of,Cowley.

:J‘? :
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Table 3
; . - ,1_[?,‘_’1] y
. L . QL B? T L
10”12 c:mzdyne_1 cm-1 ’ 10”1.2 cm:zdyr.le“1

RbI 9.66 97.5 7.3 0.76
© .CsBr 6.69 113.0 4.2 10.63
CsI 8.40 89.5 5.7 0.68
«

. t;:é{
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ol

/ Table 5
j _
/
80°K 90°k 200°K 290°K
Present . " Present o Present
Work Cowley Work Cowley Work Cowley
S| 03 3.4 1.5 6.5 2.5 9,2
o - _
AQL 1.7 -0.5 3.5 _ 1.3 6.5 1.9
bw 2.0 2.9 5.0 7.8 9.0 11.9
_/‘ t’(\'
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s - " - . FIGURE CAPTIONS | o

Figurebl 7 The far infrared high pressure cell. A, cell body;
B, window plugs; C, specimen changer; D, specimen holdér;

E, window mount; F, crystal quartz window; G, high

\ '/)‘l
5\ /: pressure transmission line inlet.
Figure 2 - The temperature dependence of the reflectance and dielectric -
— ) ” ‘ i ’ )
- functions we” and‘—'g%'for a) KBr, b) RbI, <c) CsI, d) TIBr.
~ - "o - o . o o
‘ . @e—9 5K, g0 80K, A___ A 290K, x——x 4007K.
s v . N o o : . .
, ‘ : R :
- Figure 3 The measured pressure dependence of W for RbI and CsI.
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3.6 Silicon Monoxide Bands in Some Low-Temperature Stars
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SILICON MONOXIDE BANDS IN SOME LOW-TEMPERATURE STARS

Jeanne H. Fertel

Research Laboratory of Electronics, Massachusetts Institute of Technology
and .
Solid State Spectroscopy Laboratory, Physics Department, Northeastern University

ABSTRACT

Several bands which appear in the near infrared spectra of cool stars
may be due to 510,

Y

McCamimon, Minch, and Neugebauér (1967) reported that the spectra
of many low-temperature stars show two shallow absorption features at l
approximately 2. 11 and 2. 16 p, which had not been identified. These -
features are strongest in the spectra of late N-type stars.

We'suggest that this absorption be assigned to'the R-heads of the
Av = 4 rotation-vibration bands of silicon monoxide. This molecule is
predicted by chemical equilibrium calculations to be the most abundant
of the heavier molecules in the atmospheres of cool stars (Morris and
Wyller 1967). In addition, the Sio absorption bands should be enhanced
over those of lighter molecules of similar abundance because of their
denser rotational structure. SiC has.already been identified in the specirum
of 119 Tau (Knacke et al. 1969) where its fundamental rotation-vibration
band-is observed at 8.2 p. |

More recent cool-star spectra at higher resolution (approximately
8 cmwl) have been published by Johnson et al. (1968), and show many
more features attributable to SiO. The spectra of Y Cyg and Y CVn,
shown in Fig. 1, were recorded with a Block Engineering Michelson
interferometer placed at the Cassegrainian focus of a 60" aluminum-
mirror teleséope, and are corrected for atmospheric extinction as ’
described elsewhere (Johnson et al. 1968). Parts of the Av =4, 5, and
6 SiO band sequences are expected to occur in thié wave-number region.

The positions of the band heads have been calculaied and those that

ot



coincide with observed bands are indicated in Fig. 1. Several of the

others are prediéﬁcd to occur in the IIZO region or on top of CO and Cz‘

bandg and are therefore unobservable.

I would ].ike to tha_.nk Professors William K. Rose and Herbert W.

SChﬂjOpper of the M. L T. Center for Space Research and Dr. Harold L.

Jolngon of the Lunar and Planetary Liaboratory of the University of
Arizona for kindly providing me with the spectruni of x Cyg before its
publica’cion, To Dr. Johnson I am also indebted for the use of his tele-
scope and interferometer, and I am grateful to Lawrence Mertz of the
Smithsonian Ast_rOphysica]. Observatory, Cambridge, Mass., for his
very helpful discussions and suggestions. Part of this work was done
while the author was with the Cosmic Ray Group at the M. L. T. Center

for Space Research.
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FIGURE CAPTION

Fig. 1. Near infrared spectira of x Cyg and Y CVn. The SiO rotation.

vibration lines are indicated by vertical bars.
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3.7 The Raman Spectra of the Alkali Halides and Some of
Their Mixed Crystals

J. H. Fertel and C. H. Perry



3.

KC1 Br

The Raman spectra of room temperature KCl1 Brx (with x = 0, .08,

» 1-x
.25, .5, .75, .92 and 1.0) have been observed from 30-400 cm”1 frequency
shift from the exciting line. Several previous workers ﬁave measured and
anélyzed the KBr spectrum in considerable detail .and their experimentél
results are in qualitative agreement with ours. The KC1 spectrum has been
repdrted by Stakhanov and Eliashberg, who also observed the Raman spectra of

~

KCll—xBrx with x = .2, .4, and .8. Their results do not agree with ours and
are considerably less detailed, and no attempt is made to analyze the data.
The Raman spectrum of KC11~xBrx for various values of x are showﬁ
in Fig. 1., The relative intensity of all the graphs is linear, but they
have been slightly shifted for optimum display. The scale for the spectra
for which x £ .25 is twice that of the others. The resolution is approximately
7 cm“1 in all cases, and the peak positions can be reproduced to within
5 cm—l.

The observed frequencies together with the assignments from this
work are tabulated‘in Table 1. The spectra of the end members have been
assigned as described above and our interpretation of the KBr spectrum is
.roughly the same as that of Burstein et al. The assignments for the inter-
mediate values of x were made by comparison, i.e., it was expected that the
peaks in the KCl spectrum would vary smoothly into the KBr peaks as x was
increased. This‘requirement enabled the elimination of many possible com-
binations. For instance, the KCl band at 292 cm—1 could also have been
identified with the overtone 2LA(L) (which is predicted to occur at about

302 cmfl). The value of the frequency of this overtone in KBr is 186 cmn1

It can be seen however that there is no peak in the KBr spectrum at this
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frequency and that, in fact, the KC1 band at 292 cm_1 goes smoothly into the
236.5 cm"l band of KBr, as x is increased. Thus this particular assignment
is ruled out.

It should be noted that the combinations TO-TA(A), LO-TA(A); and
LO-TA(X), and the overtone 2TA(X) all have roughly the same frequency in KBr,
although the 2TA(X) fréquency is separated from the others is KC1l, giving
rise to two peaks at x = 0. These two peaké can be seen to slowly converge
as x is increased, merging into one when x = .92, It is not clear however
whether the 2TA(X) overtone in the x = .75 crystal is represented by the peak
at 96 cm"l or that at 114 cm"1

Similarly the LA+FTA(A) combination and the 2TA(L) overtone are
"split only at the x = 1 end of the combination range. The 224 cm-1 band of
the x = .75 sample is taken to be an unresolved combination of the band due
to 2TO(X), LO+TO(A), and 2T0(A) (which appears at 236.5 cm_l in KBr) and the
LO+LA(A) band (which appears at 215 cm—1 in KBr). This last-named band is
not observed in the crystals for which x < .75. 7

The Raman spectrum of KCl'OgBr'92 has previously been reported by
Murrall, Porto, Damen, and Mascarenhas. They assign the band at 134 cm'-1 to
a first order impurity mode, treating the Ccl™ ions as non-interacting point
defects. The spectra presented here do not support this conclusion however,
és the 134 cm'-1 band is of the same order of magnitude as the other (second

order) bands. 1In any case, 8 mole percent KCl is a rather large amount to

be considered as a point impurity.
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3.8 Electric Field-Induced Birefringence in Diamond

E. Anastassakis
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This work, initiated at the University of Pennsylvanié (1968)
and completed ét the Northeastern Universit§ (1969) under the partial support
ovaASA, deals with quadratic field-induced birefringence in diamond-type
crystals. This effect arises from a second order electro-optic effect (true
effect), and an electrpstriction (false efféct). A simple technique was
successfully applied for direct measurements of the retardation between an
”ordinary” and an "extraordinary" wave’emerging from the crystal. It was
obser;ed that the particular diamond sample that we used in this experiment,
exhibited a residual birefringence, due to an estimated average residual
-strain of A»lO—S. The experimental measurements revealed the existence of.a
linear effect, related to the history of the sample tﬁrough its imperfections,
e.g., residual strains, impurity, etc. The linear and nonlinear effects were
separated and a numer1ca1 value for one of the nonlinear electro -optical
coefficients was found to be equal to’ \21212\ ~ 8 x 10 -18 <Fﬁ> It turned
out that the "false'" effect didrnot exceed 1% of the "true" effect, and that
the relative change of the dielectric constant of an ideal non-birefringent
diamond crystal wiéh a static electric field in second order, is of the order

of 107 for an applied field of 2 x 10° V/em.



4,  Summary

The results presented in this report indicate that the.majority of
objectives wer? accomplished and the regﬁlts have been interpreted in a
satisfactory manner. There remains, however, a considerable number of‘un~
answered quesfious, both experimental and theoretical and it is hoped that
this work will continué with the appropriate financial supéort. The rescinding
of the continued support for this work at the current level due to the closing
of the Electronics Research Center is unfortunate. It would be hoped that
while tﬁis grant is apparently going into a step-funding phase some other
interested parties within the NASA organization would appreciate the extent
of the work and effort that has gone into the program so far and the large
amount of data and results that have been produced. Consequently, it would
be highly desirable for this program to be reinstated so that the personnel
involved could continue and that the work would proceed with the same momentum,

This group consisting of Professors Perry, Lowndes and Anastassakis
have many ideas on the spectroscopic investigation of materials exhibiting
properties such as ferroelectricity, piezoelectricity, antiferromagnetism,
nonlinear effects, crystalline Stark effects, Zeeman splitting and electro-
,and magneto-optic effects and morphic effects. The study of these effects
under the influence of temperature, pressure, electric and magnetic fields,
étc., are of basic scientific interest as well as disciosing useful data for
predicting general engineering applications. Consequently, it is to this end
that we believe that these measurements should be continued in the future.

This work is also extremely germane to the continuation of our

graduate research program in this area.
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